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The ionizing radiation environment was analyzed for a variety of potential Highly Elliptical Orbits (HEOs) with orbital periods rang-
ing from 6 h to 24 h suitable to continuously monitor the Arctic region. Several models available from the ESA Space Environment
Information System (SPENVIS) online tool were employed, including the new-generation AE9/AP9 model for trapped radiation.
Results showed that the Total Ionizing Dose (TID) has a well-pronounced local minimum for the 14-h orbit, which is nearly identical
to the overall minimum observed for the longest orbital period (24 h). The thickness of slab aluminum shielding required to keep the
annual TID below 10, 5 and 3.33 krad (i.e. 150, 75 and 50 krad for 15 years of mission duration) for a 14-h orbit is 2.1, 2.7 and
3.1 mm respectively. The 16-h orbit requires an additional 0.5 mm of aluminum to achieve the same results, while the 24-h orbit requires
less shielding in the order of 0.2–0.3 mm. Comparison between the AE8/AP8 and AE9/AP9 models was conducted for all selected orbits.
Results demonstrated that diﬀerences ranged from 70% to +170% depending on orbit geometry.
The vulnerability to the Single Event Eﬀect (SEE) was compared for all orbits by modeling the Linear Energy Transfer (LET) for
long-term conditions and for the 5 min “worst case” scenario. The analysis showed no preference among orbits with periods longer than
15 h, and in order to keep the 14-h orbit at the same level, the shielding should be increased by 33% or approximately by 1 mm. To keep
the Single Event Upset (SEU) rate produced by the “worst case” event at the same order of magnitude as for the “statistical” long-term
case, the thickness of aluminum should be as high as 22 mm. The overall conclusion from a space environment point of view is that all
HEO orbits with periods equal to or longer than 14 h can be regarded as good candidates for operational missions. Therefore, selection
of orbit should be based on other criteria, for example, uniformity of spatial coverage for meteorological imaging or the conﬁguration of
the ground network for data reception.
Crown copyright  2014 Published by Elsevier Ltd. on behalf of COSPAR. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Orbit satellites (LEO). The GEO satellites can provide con-
tinuous coverage of the tropics and mid-latitude zone up to
60, while the imaging of regions poleward of 60 relies
solely on the LEO satellite constellation.
Interest in HEO orbits has increased in the last several
years due to the recognized need to have access with high
temporal frequency to multi-spectral imagery of polar
regions for weather and climate applications. The WorldOSPAR.
commons.org/licenses/by-nc-nd/3.0/).
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satellite systems as a way to close the existing observational
gap over the polar regions in the future satellite component
of the Global Observing System (GOS) (WMO, 2013;
Garand et al., 2013, 2014).
Some HEO orbits, such as the 12-h Molniya orbit and
the 24-h Tundra orbit have been used for a very long time
for communications and special applications such as, for
example, the space-based infrared surveillance and early-
warning systems (Chobotov, 2002). Chaudhary and
Vishvakarma (2010) studied the feasibility of using a Mol-
niya (12-h) orbit for solar power generation. The potential
of Molniya orbit for meteorological observations over the
polar and mid-latitude regions from space was ﬁrst
pointed out by Kidder and Vonder Haar (1990), and
has been recently investigated in detail by Trishchenko
and Garand (2011). The 12-h Molniya orbit combines
two important features: a large eccentricity and the so-
called ‘‘critical inclination’’ (63.4o), which results in a sta-
ble location of apogee. The continuous coverage of the
entire polar region can be provided from only a pair of
imagers in Molniya HEO orbit for each hemisphere, a
capacity that LEO orbits cannot reach (Trishchenko and
Garand, 2012a,b). In fact, a constellation consisting of
several GEO satellites and two pairs of HEO satellites
could observe weather patterns at any point and any time
around the globe.
A few years ago the Canadian Space Agency initiated a
project on HEO satellite system for continuous monitoring
of the Arctic region (Garand and Morris, 2011). Based
mainly on historical evidence, the 12-h Molniya orbit was
initially considered as a candidate orbit for the mission.
In-depth analysis of the space environment showed that
the 12-h Molniya orbit exposes the spacecraft to a challeng-
ing ionizing environment due to the high energy protons of
the inner radiation belt (Trichtchenko, 2012). This is per-
ceived as a signiﬁcant risk for detectors, electronics and
other components of the imaging payload known to be sen-
sitive to such conditions.
With the goal of reducing exposure to the proton radia-
tion, a new study was conducted by Trishchenko et al.
(2011). It was suggested that a 16-h orbit represents an opti-
mal solution for HEO orbital conﬁguration in terms of
trade-oﬀs between the proton radiation environment, and
requirements for the meteorological imaging, such as spa-
tial resolution, temporal coverage, orbit maintenance,
repeatability of diurnal observational conditions, data
reception, and satellite ground speed during the imaging
phase. This orbit has some unique features, such as a repeat-
ing ground track over a two-day period with three apogees
separated by 120 in longitude. The criteria used by
Trishchenko et al. (2011) for optimization and selection of
a HEO orbit for polar observations was an important step
toward better understanding and shaping the future HEO
satellite system for Arctic observations. However, the radi-
ation environment analysis focused on the trapped protons
only. Other types of the energetic particle radiation, such astrapped electrons, galactic cosmic rays and solar energetic
protons were not considered.
The current study addresses this gap by providing a
comprehensive analysis of the space radiation environment
for the entire range of HEO orbits suitable for continuous
Arctic monitoring. The models available via the European
Space Agency’s (ESA) Space Environment Information
System (SPENVIS) software were employed (www.spenvis.
oma.be, Heynderickx et al., 2004).
Until recently, the most popular models for estimation
of the trapped radiation were AE8/AP8 (Vette, 1991;
Sawyer and Vette, 1976). These models cover a wide range
of spatial and energy scales and were a de facto “standard”
for the satellite industry for a long time (see, for example,
ECSS-E-ST-10-04A, 2008). Emmanuel et al. (2014) used
these models and the SPENVIS tool to compare the eﬀec-
tiveness of radiation shielding for three HEO orbits
described by Trishchenko et al. (2011).
It is known that the AE8/AP8 models do not always
adequately represent the radiation environment, especially
in HEO orbits (Blake and Cox, 1988; Blake and Mazur,
1998). The advanced AE9/AP9 models (O’Brian et al.,
2009; Ginet and O’Brien, 2009; Ginet et al., 2013) have
been recently completed, based on more extensive datasets,
including measurements from two HEO satellites in Mol-
niya-type orbits. The SPENVIS system was upgraded in
2012 to incorporate version 1 of the AE9/AP9 models,
which is expected to improve the accuracy of the trapped
radiation modeling for HEO orbits.
In the analysis presented in this paper we used the follow-
ing models available through SPENVIS: (a) the new AE9/
AP9 model for evaluation of the trapped radiation environ-
ment (results were also comparedwith theAE8/AP8model);
(b) the two most popular models for the solar energetic par-
ticles, such as Jet Propulsion Laboratory model (JPL-91)
(Feynman et al., 1993) and the ESP-PSYCHIC (Emission
of Solar Protons - Prediction of Solar particle Yields for
CHaracterizing Integrated Circuits) model for evaluation
of the impacts of the solar protons (Xapsos et al., 1999,
2000, 2007), (c) the CosmicRay Eﬀects onMicro Electronics
(CRE`ME)-96 model for galactic cosmic rays, (d) the
SHIELDOSE model for evaluation of the Total Ionizing
Dose (TID) and the Single Event Eﬀects (SEE) for standard
materials and the shielding conﬁgurations (Adams, 1986;
Tylka et al., 1997). Although important, the plasma and
non-ionized components (meteoroids, debris, non-ionized
interactions and others) were not included in this study
because we do not expect they will change our conclusions.
The ﬁrst part of the paper describes the criteria
employed for selection of orbits used in the assessment;
the second part is dedicated to the evaluation of the space
environment and inter-comparison of diﬀerent models. The
cumulative impacts (total dose) and single-event eﬀects are
analyzed in the following section. The paper concludes
with the recommendations for orbit selection from the
radiation environment point of view, also taking into
account imaging requirements over polar regions.
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This section summarizes the main considerations which
led to the choice of the orbits. It closely follows the previ-
ous study of Trishchenko et al. (2011). The deﬁnitions of
orbital elements are shown in Fig. 1 (Duboshin, 1976;
Vallado, 2007). The inertial coordinate system is used with
point O at the center of the Earth, axis Z is directed to the
North along the Earth’s spin axis and axis X is directed to
the vernal equinox point. The perigee point corresponds to
the closest point to the Earth’s center; the apogee point cor-
responds to the farthest point. Neglecting small perturba-
tions, the distance from the Earth’s center to the perigee
point is equal to að1 eÞ, and the distance from the Earth’s
center to the apogee point is equal to að1þ eÞ, where a is
the semi-major axis, and e is the eccentricity of the orbit.
The argument of perigee x is the angle between the direc-
tion to perigee and the direction from the Earth’s center
to the ascending node. The angle between direction to the
ascending node and X-axis is called the Right Ascension
of Ascending Node (RAAN) and is denoted as X. The orbi-
tal position of the satellite is determined by the angle m,
called the true anomaly. The angle i between the orbital
and equatorial planes is called the orbital inclination. The
Earth disk is shown in the center of Fig. 1 to give an
approximate idea about geometric proportions, although
picture does not exactly reﬂect the reality due to large vari-
ations of the semi-major axis for considered set of orbits
and relatively small eccentricity of the elliptical orbit plot-
ted for convenience of labeling.
Key orbital elements for the observational performance
of a HEO system include: (1) the semi-major axis a that is
uniquely related to the period of the orbit; (2) the eccentric-
ity of the orbit e that determines the shape of the ellipse
and, therefore, a dwelling time in the vicinity of the apogee
region, as well as the perigee height, and (3) the inclination
i which inﬂuences orbital maintenance and coverage char-
acteristics of polar regions.Fig. 1. Graphical layout of elliptical orbit and deﬁnition of Keplerian
orbital elements.From the very beginning we have limited the range of
potential orbits based on the satellite orbital period. The
selected range of periods covers an interval from 6 h to
24 h. Due to lower altitudes, the periods smaller than 6 h
require image scanning over a very wide range of angles
to cover the Earth’s disk which makes it technologically
challenging for implementation. In addition, as shown
later, the energetic particle radiation conditions at related
altitudes become quite harsh and, therefore, represent sig-
niﬁcant technological risks, as well as increased costs to
protect the satellite. Periods longer than 24 h are consid-
ered not practical due to their high altitude resulting in
reduced spatial resolution of the imagery.
The orbital period is uniquely tied to the length of the
semi-major axis and with a good approximation can be
determined as
T ¼ 2p a
1:5ﬃﬃﬃﬃﬃﬃﬃﬃ
GM
p ; ð1Þ
Where GM ¼ 3:986004 1014 m3 s2 is the standard
gravitational parameter for the Earth.
The satellite should be launched in an elliptical orbit
with high eccentricity to be able to observe the high latitude
regions for a long time. The higher the eccentricity, the
longer the satellite stays in the vicinity of the apogee point.
To take advantage of this feature for observing polar
regions, the inclination of the orbital plane should be high
enough. The expression of the satellite dwelling time over
the region located above the circle of latitude u was derived
by Trishchenko et al. (2011) and is presented below for ref-
erence. Deﬁning Pu as the ratio of the time interval during
which the satellite stays above the latitude u to the total
period of rotation T, the following expression can be
obtained
Pu ¼ 1 Eu  e sinEup ; ð2Þ
where Eu is the eccentric anomaly,
Eu ¼ 2 arctan
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð1 eÞ
ð1þ eÞ
ðsin iþ sinuÞ
ðsin i sinuÞ
s
; ð3Þ
Eqs. (2) and (3) show that the satellite dwelling time
within the polar region encircled by latitude u increases
with eccentricity e and orbit inclination i .
The argument of perigee T should be equal to 270 to
ensure that the apogee occurs at the highest latitude. The
orbit inclination i plays an important role as a factor deter-
mining the rate of secular precession _xs of the argument of
perigee within the orbit plane. To a good accuracy it can be
expressed as
_xs ¼ 3
4
J 2n
rE
a
 2 5 cos2 i 1
ð1 e2Þ2 ; ð4Þ
where J 2 ¼ 1:0826359 103 is the amplitude of the sec-
ond zonal harmonic of the Earth gravitational ﬁeld,
rE ¼ 6378136:6 m is the Earth equatorial radius, n ¼
ﬃﬃﬃﬃﬃ
GM
p
a3=2
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Escobal, 1965; Duboshin, 1976). From Eq. (4) it follows
that if ð5 cos2 i 1Þ ¼ 0 then the orbit will be free from sec-
ular precession of the perigee and apogee. This happens
when cos2 i ¼ 1=5, i.e. for the orbits at the so-called critical
inclination icr ¼ 63:435. These orbits are of signiﬁcant
interest here, as they have stable apogee position requiring
minimal maintenance, as described below.
If the orbital inclination is not equal to the critical value,
then the apogee experiences a systematic precession, and
orbital manoeuvres are needed to keep an apogee at the
proper position (i.e. x ¼ 270) that ensures best observa-
tions of the polar regions. The amount of fuel for such
operations is determined by the additional velocity (or
DV ) required to correct the orbit. Chobotov (2002) pro-
vides the following equation for this type of orbital
manoeuvre
DV ¼ CDx; C ¼ e
2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
GM
að1 e2Þ
s
; ð5Þ
where Dx is the diﬀerence in argument of perigee to be
corrected.
It follows from Eq. (5) that the DV budget is driven by
two factors: the shape of the orbit (coeﬃcient C) and the
angular diﬀerence Dx in the argument of perigee that needs
to be corrected. The shape factor C increases when eccen-
tricity increases. It reduces when the semi-major axis (and
period) increases. The argument of perigee grows approxi-
mately linearly with time for orbits with inclination diﬀer-
ent from its critical value. Even for the orbits at critical
inclination, corrections are required from time to time
due to perturbations from higher harmonics of the Earth’s
gravity ﬁeld, the atmospheric drag and the solar radiation
pressure, as well as perturbations caused by the Moon and
the Sun’s gravity. It would, therefore, be beneﬁcial for
HEO orbits to stay at critical inclination like the classical
12-h Molniya orbit or 24-h Tundra (Sirius radio) orbit,
to minimize the orbit maintenance related to apogee
precession.
The most important requirement of the 100% coverage
of the 60–90 polar region for the HEO constellation
(Trishchenko and Garand, 2011), cannot be achieved for
orbits at critical inclination with a period T 6 9 h and
TP 16 h within an acceptable range of eccentricity as
described below. As such, the inclination for these orbits
must be increased to ensure adequate polar coverage.
According to Eqs. (4) and (5) this occurs at the expense
of increased orbital maintenance, i.e. frequent or even con-
tinuous orbit corrections requiring additional propellant in
comparison to orbits at critical inclination. Additional
analysis showed that the change in orbit inclination from
critical value to 90 causes very little changes in terms of
shielding thickness.
The Right Ascension of the Ascending Node (RAAN)
and the true anomaly were set to X = 0 and m = 90,
respectively, for the most of the orbits. For the 12-h andthe 24-h orbits the set of several RAANs was used to
account adequately for the non-uniformity of the longitu-
dinal distribution of trapped radiation which in the case
of other orbits is eﬀectively averaged (see Sections 3–5 for
more details). Thus, the minimum, maximum and average
particle ﬂuxes and doses were obtained for the 12-h and
24-h orbits.
The remaining orbital parameters were chosen based on
the following criteria: (a) the minimal altitude of perigee
above the Earth surface is not less than 500 km to reduce
the impacts of the atmospheric drag; (b) the altitude of
the apogee is below 44,000 km to allow a good resolution
for optical imaging. The eccentricity of the orbit should
be as high as possible within 0.3–0.75 limit. Key orbital fea-
tures for selected orbits are plotted in Fig. 2.
As can be seen from Fig. 2, the eccentricity limit 0.75 is
applied only for the orbital period T = 13 h and is seen as
high enough in this case to ensure satisfactory coverage
of polar areas. For orbits with period T 6 12 h the limiting
factor is the perigee height of 500 km, i.e. it determines
uniquely the maximum value of eccentricity and apogee
height. For orbital periods in the range 14 h 6 T 6 21 h,
the apogee altitude is the limiting factor. For orbital peri-
ods in the range 22 h 6 T 6 24 h, the eccentricity value
becomes the limiting factor, because satisfactory continu-
ous coverage of polar regions cannot be achieved for the
eccentricity values below e < 0.3 (Trishchenko et al., 2011).
In summary, one unique combination of Keplerian orbi-
tal elements was obtained for each value of orbital period
between 6 h and 24 h. This combination was derived to
ensure complete coverage of polar regions. As such, the
six-dimensional analysis for the continuum of six Keplerian
orbital elements was reduced to 19 speciﬁc cases that were
employed further in the assessment of ionizing radiation
for HEO system.3. Radiation environment in HEO orbits
The radiation environment in the near-Earth space is
deﬁned by the interaction between the electromagnetic ﬁeld
and charged particles. There are two radiation belts with
high concentration of the particles (electrons or protons)
trapped by the geomagnetic ﬁeld of the Earth, and areas
with relatively low particle concentration deﬁned by inter-
action between Galactic Cosmic Rays (GCRs) and the geo-
magnetic ﬁeld. While the inner radiation belt is relatively
stable, the ﬂuxes of the relativistic electrons in the outer
belt can change by several orders of magnitude during a
short period of time. Geomagnetic storms and solar ener-
getic particle events are among the known causes of the sig-
niﬁcant variations in the near-earth energetic particle
environment (Hastings and Garrett, 1996). These three
components of the radiation environment (trapped parti-
cles, GCRs and solar energetic protons) are assessed using
several most common models implemented in the Euro-
pean Space Agency’s on-line tool Space ENVironment
Fig. 2. The orbital parameters for HEO orbits considered in this study.
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for multiple HEO orbits under discussion.
3.1. Trapped particle population
Two empirical models of radiation belts, AE8/AP8 and
AE9/AP9, were used for the evaluation of the trapped
radiation environment (and in some aspects compared
to each other). The ﬁrst set of models, AE8/AP8, has
been upgraded several times since its ﬁrst implementation
in 1960s-1970s. It incorporates data observed by 38 space
missions. This set has been widely used by industry over
the last several decades. Despite its success, our concern
is that data from Highly Elliptical Orbits were not utilized
for the construction of AE8/AP8 models. Lack of HEO-
speciﬁc observations can lead to large discrepancies in
the estimation of the trapped radiation for these types
of orbits. The new AE9/AP9 set of models, the ﬁrst ver-
sion of which has been implemented in SPENVIS in Sep-
tember 2012, includes data from two HEO missions
(Ginet and O’Brien, 2009; Ginet et al., 2013). Therefore,
it is expected to provide a more accurate description of
the particle radiation environment for HEO orbits. This
fact explains why the preference in this assessment hasbeen given to the new trapped particle radiation models.
Comparisons with the previous version were conducted
for several orbits.
All calculations were made for the period of one year,
2000 (i.e. solar maximum year). The geomagnetic shielding
has been computed using the International Geomagnetic
Reference Field (IGRF). In the case of the AE9/AP9 mod-
els the mean values of ﬂuxes have been used throughout for
easier comparison with the AE8/AP8 set of models which
gives only average results in most cases.
The average ﬂuxes of trapped electrons and protons for
several orbital periods obtained from the AE8, AE9 and
AP8, AP9 models are presented in Figs. 3 and 4 respec-
tively, as a function of the particle energy. The trapped
population “seen” by 12-h and 24-h orbits with repeated
ground tracks, that include only two and one apogees,
depends on the choice of RAAN (i.e. longitudinal positions
of apogees). For these two orbits, the “RAAN-average”
ﬂux has been presented together with the highest and low-
est values (corresponding to the speciﬁc RAANs) shown as
the error bars where appropriate. The RAAN dependence
of ﬂuxes “seen” by other orbits is much less pronounced, as
it is eﬀectively averaged out due to better spatial sampling
with three or more apogees over the period of ground track
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Section 5 (see also Figs 12 and 13, Section 5).
Detailed examples of the integral electron ﬂux variations
are presented in Fig. 3a for 16-h and 24-h orbits to demon-
strate the diﬀerences between the AE8 model and AE9
model and RAAN-associated variations. The more com-
plete results obtained with the AE9 model are presented
in Fig. 3b. As demonstrated in Fig. 3a, the AE9 models
gives several times higher ﬂuxes for energies below
0.2 MeV, then discrepancies become smaller. In the energy
range 0.8–5 MeV the AE8 model gives higher results for
16-h orbit while for 24-h orbit there is practically no dis-
crepancies in this energy range. For the high-energy tails
(>5 MeV) the AE8 model gives orders of magnitude smal-
ler ﬂuxes (i.e. more sharp boundary of the modeled elec-
tron belt). The RAAN-associated variations of the
electron ﬂuxes are only seen in 24-h orbit starting from
energies above 1 MeV and are higher (up to 2 times) for
the AE8 model than for the AE9 model.Fig. 3. The trapped electrons energy spectra (a) ﬂux as function of energy
for 16-h (brown) and 24-h (green) orbits; solid lines represent AE9,
dashed- AE8 models; (b) ﬂux (colored contours) as function of orbital
period and energy, AE9 model, SPENVIS.
Fig. 4. The trapped protons energy spectra (a) ﬂux as function of energy
for selected orbits, solid lines represent AP9, dashed - AP8 models; (b) ﬂux
(colored contours) as function of orbital period and energy, AP9 model.The complete results for the AE9 model are shown for
all orbits and all energies as contour plots in Fig. 3b. The
electron ﬂuxes have maximum for periods 16 h < T
< 19 h, decreasing towards lower orbital periods (<15 h)
and towards higher periods (>19 h). The second increase
for orbital periods of less than 11 h is due to their passage
through the inner electron belt. Thus, orbits with periods
11 h < T < 15 h or T > 19 h are less impacted by electrons.
The AP8 and AP9 proton ﬂuxes are presented in Fig. 4a
for several orbits: 12-h, 14-h, 16-h and 24-h. The diﬀerences
between the AP8 and AP9 models are orbit-dependent. The
ﬂuxes modeled by AP9 have longer tails i.e. are higher for
the high energies “seen” at 16-h and 24-h orbits. For 14-h
and 12-h orbits both curves cross each other multiple times.
The complicated structure of the variations makes it diﬃ-
cult to describe the detailed diﬀerences between models.
In general, the AP8 model gives higher ﬂuxes for low ener-
gies, i.e. below about 1 MeV. In the middle range between 1
and 5 MeV the results are similar. For energies above
5 MeV ﬂuxes obtained with the AP9 model are higher until
the energy of about 10 MeV. In the case of 24-h orbit the
Fig. 5. The energy spectrum of galactic cosmic rays for several selected
HEO orbits according to CRE`ME-96 model.
Fig. 7. (a) The total annual ionizing doze as function of the orbital period
and the thickness of the Al slab shielding, AE9/AP9 model; (b) relative
diﬀerence between TID obtained with AE8/AP8 (denoted as A8) and
AE9/AP9 (denoted as A9) models. Solar protons and GCR ﬂuxes are also
included as explained in the text.
Fig. 6. Energy spectrum of solar protons for several selected HEO orbits
for the year 2000. Models ESP-PSYCHIC and JPL-91, SPENVIS.
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AP8 model and less sharp if modeled by the AP9 model,
i.e. the AP8 model gives a smaller size of the proton belt.
The RAAN-related variations in proton ﬂuxes are more sig-
niﬁcant than in the case of electrons, especially for a 12-h
orbit and energies above 2 MeV, increasing with the energy
from 1.5 times to an order of magnitude. It is much smaller
for a 24-h orbit, because of reduced proton density, but still
the magnitude of the diﬀerences can reach a factor of 5.
Complete results for all orbital periods obtained from
the AP9 model are presented in Fig. 4b. It can be noticed
that for orbits with periods less than 13 h, there is a very
similar signature of the decrease of ﬂuxes with energies.
This similarity can be due to the same perigee altitude of
orbits with periods less than 13 h. For orbits with higher
eccentricity the decrease is more abrupt due to the fact that
the higher eccentricity decreases the spacecraft path withinthe radiation belts. For orbits with periods above 13 h, the
increase of perigee altitude causes the sharp decrease in
ﬂuxes of the high energy protons (orbit moves further away
from the high energy proton population). At the same time,
the eccentricity decrease makes the orbit more circular and,
therefore, increases the path through the low-energy parti-
cle population. The maximum of this low-energy popula-
tion coincides with the 16-h orbital period and then
decreases to the smallest values towards the 24-h. There
are practically no protons with energies above 10 MeV in
orbits with periods longer than 16 h, in agreement with
the conclusion of Trishchenko et al. (2011).3.2. Galactic cosmic ray background
The CRE`ME 96 model (Tylka et al., 1997) was
employed in the assessment of the GCR environment and
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(see the next Section). The results presented in Fig. 5 show
that the integral ﬂux of GCR is practically identical for all
types of orbits over the energy range higher than
1000 MeV/nucleon and slightly diﬀerent for energies smal-
ler than 1000 MeV/nucleon (reduced for the orbits with
smaller semi-major axis) due to the eﬀects of geomagnetic
shielding. In general, the GCR ﬂux and its variations due
to changes in orbital parameters are small in comparison
with trapped particle radiation variations.
3.3. Solar proton events
To estimate solar proton ﬂuxes, we explored the two
most widely accepted models provided by SPENVIS: Jet
Propulsion Laboratory model (JPL-91) (Feynman et al.,
1993) and the ESP-PSYCHIC (Emission of Solar Protons
- Prediction of Solar particle Yields for CHaracterizing
Integrated Circuits) model, using a 95% level of conﬁdence.
Both JPL model and the original ESP models are based on
the statistical properties of the solar energetic particle
events occurring during active periods of the solar cycle,
assuming that no signiﬁcant proton ﬂuence exists during
quiet periods. In SPENVIS the ESP model is combined
with the PSYCHIC model which incorporates both active
and quiet years and provides also the cumulative solar
heavy ion ﬂuences (Xapsos et al., 2004, 2007). The heavy
ions were not included in our assessment. As shown in
Fig. 6, the ESP-PSYCHIC model (solid lines) provides val-
ues of integral proton ﬂuences higher than JPL model
(dashed lines) for energies below 50 MeV, up to 4 times
for the lowest energy of 0.1 MeV. Because of these higher
values of proton ﬂuences, the ESP-PSYCHIC model for
solar protons has been used for further analysis of the
TID and Linear Energy Transfer. The largest ﬂux for any
energy and any model is for the 24-h orbit. The geomag-
netic shielding reduces the ﬂux by about 1.5 times for the
6-h orbit.
The results of the radiation environment modeling pre-
sented above, such as ﬂuxes of the trapped particles, GCRs
and solar energetic protons were then used as an input for
the assessment of the long-term impacts (i.e. the Total
Ionizing Dose) and Single Event Eﬀects. The latter includes
Linear Energy Transfer (LET) and Single Event Upsets
(SEU) rates.
4. Radiation eﬀects (TID and SEE) analysis
To reduce impacts of the space environment on space-
craft parts and payloads, appropriate shielding is required.
If the thickness of the shielding is not suﬃcient, then pay-
loads or spacecraft components may degrade faster than
expected and even fail prematurely. Two key objective
characteristics of the radiation environment deﬁne the
shielding thickness. One is relevant for the cumulative
impact, such as the Total Ionizing Dose, and another
one, the LET, is directly linked to the instantaneous impactof ionized particles, i.e. Single Event Eﬀects (Edmunds
et al., 2000; Petkov, 2003; Poivey, 2002). These quantities
are important for the evaluation of shielding requirements
and in ranking the HEO orbits based on a quantitative
assessment of radiation eﬀects.
4.1. Total ionizing dose
The TID was modeled with the SHIELDOSE code
(Seltzer, 1979, 1980) with the aluminum slab shield and
the default target material Si. The total annual ionizing
dose was calculated with the AE9/AP9 set of models and
compared with results produced by the AE8/AP8 models.
Solar protons and GCRs were also included as described
in the previous Section. Results are presented in Fig. 7 as
a function of the orbital period and the thickness of alumi-
num shielding.
There is a well-deﬁned local minimum corresponding to
orbital periods of 14–15 h as follows from results presented
in Fig. 7a. The TID slightly increases for orbits with longer
periods up to 17 h and then slightly decreases toward the
24 h period. Thus, the orbits with period between 14 h
and 15 h combine the highest eccentricity, the critical incli-
nation and the minimum shielding thickness, presenting the
most attractive choice for Arctic monitoring HEO systems.
The orbits with longer periods (>20 h) nominally provide
slightly smaller values of TID and shielding, but the diﬀer-
ence relative to the 14-h region is not signiﬁcant. The high
altitude of imaging and large deviation from the critical
inclination, which requires considerable resources for orbit
maintenance, are perceived as signiﬁcant drawbacks of this
orbital solution.
The relative diﬀerence between TID obtained with use
of the AE9/AP9 and AE8/AP8 trapped radiation models
is presented in Fig. 7b. For a small shielding thick-
ness < 0.7 mm, the AE8/AP8 model provides higher dose
than the AE9/AP9 model for orbits with periods < 14 h
(more than 150%), a reasonable agreement for periods
14–18 h and large discrepancies for periods above 18 h.
For the thicknesses in the range between 0.8 and 1.2 mm
discrepancies are less that 50%. Signiﬁcantly smaller TID
is given by the AE8/AP8 relative to the AE9/AP9 model
for the orbits with periods shorter than 13 h and shielding
above 6 mm. For orbits with periods between 14 h and 18 h
and thickness range from 2.5 to 5 mm the AE8/AP8 set of
models overestimates the TID, mostly due to diﬀerences in
proton ﬂuxes.
The variability of ionizing dose components for the
AE9/AP9 set of models is presented in Fig. 8 for trapped
electrons (a) and protons (b), solar protons (c) and brems-
strahlung (d). The electron component, as presented in
Fig. 8a, has a maximum around orbital periods of 16–
18 h for any shielding. The total dose from protons shows
a well-pronounced sharp decrease for orbits with peri-
ods > 14 h, so that shielding of about 2 mm makes the con-
tribution of these particles in the total dose smaller than
that of electrons, as shown in Fig. 8b. The solar proton
Fig. 8. The components of the annual ionizing doze, (a) trapped electrons, (b) trapped protons, (c) solar protons and d) bremsstrahlung as function of
orbital period and shielding thickness.
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trapped radiation and demonstrates only a slight decrease
for orbits with a period of 6–7 h due to the geomagnetic
shielding (Fig. 8c). The bremsstrahlung component is the
smallest one with maximum around 17 h for any shielding
thickness (Fig. 8d).
The annual TID values of 10 krad and 5 krad, as a fac-
tor of 2 margin, (i.e. 150 krad and 75 krad, correspond-
ingly, for a 15-year mission) were chosen as the reference
values recommended by the National Aeronautics and
Space Administration (NASA) Jet Propulsion Laboratory
(JPL) for HEO and GEO Transfer Orbits (GTO)
(Petkov, 2003). Results of the analysis for TID = 10 krad
and 5 krad are displayed in Fig. 9 using both the AE9/
AP9 and AE8/AP8 models. The shielding thickness of
4.5 mm (slab geometry) would be enough to keep the
annual TID at 10 krad for any of the studied orbits, as
follows from Fig. 9a. The required thickness, according
to the AE9/AP9 set of models, is the largest for an orbit
with a 6-h period and decreases fast to its local minimumfor the 14-h orbit. It increases again to its local maximum
for an orbit with a 17-h period and then decreases for
longer periods. The required thicknesses for the 14-h orbit
and 24-h orbit are very similar (diﬀerence 0.2 mm
or < 10%). The results obtained with the AE8/AP8 set of
models demonstrate similar behavior with regards to
position of the local minimum (14-h) and local maximum
(17-h), while the required thicknesses are smaller for orbits
with periods < 8 h and larger for orbits with periods > 9 h.
The vertical error bars for the 12-h orbit and 24-h orbit due
to the RAAN dependence are well-pronounced for the
AE9/AP9 set of models.
Decomposition of the total dose into the components,
presented in Fig. 9b, demonstrates, that according to the
AE9/AP9 set of models, the dominant part of the dose
for orbits with periods < 13 h comes from trapped protons,
for orbits with periods > 13 h it originates from trapped
electrons. The dose for the 16-h orbit is mostly due to the
electron population. Although the proton component did
not reach the lowest value for the 14-h orbit, the electron
Fig. 9. Comparison of AE9/AP9 and AE8/AP8 model results for (a) thickness of Al slab shielding to keep annual TID = 10 krad, (b) the dose components
for total of 10 krad. Panels (c) and (d), (e) and (f), (g) and (h) are similar to (a) and (b), but for annual TID 5 krad, 3.3 krad and 2 krad correspondingly.
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Fig. 10. LET spectra, 3 mm shielding: (a) contour plot for the long-term
CRE`ME model (95%); (b) the 5 min. “worst case” scenario, SPENVIS.
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tion creates the local minimum for required shielding.
The generally small ionizing dose from solar protons
steadily increases with increase of orbital period and
satellite apogee, due to diminishing protection from the
Earth’s magnetic ﬁeld and more exposure to galactic cos-
mic rays and solar particles. The bremsstrahlung radiation
is the smallest component and varies from 0.1 to 0.2 krad
(1%-2%).
In order to keep the total annual dose at 5 krad level (i.e.
factor of two margin relative to 10 krad case), as presented
in Fig. 9c, the maximum shielding needs to be increased to
8 mm (AE9/AP9) for an orbit in the dominant proton envi-
ronment (6-h period), while the application of the AE8/
AP8 set of models gives a result 1.8 times lower. For orbits
in the dominant electron environment, the required shield-
ing should be maximum 3.5 mm (for 17-h orbit), while the
AE8/AP8 set of models gives a higher value of 4 mm. The
variations in shielding observed for 12-h orbit due to
RAAN dependence are more signiﬁcant in this case andcan even produce the local maximum in the shielding, i.e.
 4 mm. The requirement to keep the dose at 5 krad level
leads to thicker shielding, i.e. the relative amount of elec-
trons and low energy protons will be lower than for the
case of 10 krad. Thus, only high energy protons, which
are trapped closer to the Earth, will be able to penetrate
through the shielding and to contribute to the total dose.
Because they are trapped closer to the Earth, where the
magnetic ﬁeld is stronger and where the inﬂuence of the
detailed structure of the geomagnetic ﬁeld (for example,
South Atlantic anomaly, captured by IGRF) is more pro-
nounced, the variations of the total dose for the 12-h orbit
due to RAAN dependence are larger. This also leads to a
higher dose from the proton component in comparison
with the electron component, as shown in Fig. 9c. The fea-
tures of the other two components (solar and bremsstrah-
lung radiation) are the similar to the 10 krad case. For
the case TID = 5 krad, the AE8/AP8 set of models under-
estimates shielding thickness for orbits with periods
T < 12 h, and overestimates it for periods T > 12 h with
regards to the AE9/AP9 set of models (in agreement with
Fig. 7b).
Two additional results for TID = 3.3 krad and 2 krad
(i.e. 50 krad and 30 krad for 15-year mission) are presented
in Fig. 9 e,f and Fig. 9g,h correspondingly. We decided to
include these cases based on results presented in Emmanuel
et al. (2014), where 50 krad TID is chosen as the maximum
acceptable TID for the mission duration of 15 years (i.e.
3.3 krad annual dose). The 2 krad TID is considered as a
safety margin, in such a case. Qualitatively, results show
very similar behavior with a well-pronounced local mini-
mum for the 14-h orbit, which is very close to the overall
minimum observed for the 24-h orbit. The relative diﬀer-
ence between the AE8/AP8 and AE9/AP9 models for peri-
ods T < 13 h increases because of increased shielding which
signiﬁcantly reduces the low-energy proton and electron
components, while the high-energy protons are the ones
giving the largest discrepancies between the various models
(see Fig 7b). The 14-h minimum corresponds to 3.1 mm
and 3.8 mm for TID = 3.3 krad and 2 krad respectively.
The corresponding thickness values for the 24-h orbit
(averaged over entire RAAN range) are 2.8 mm and
3.3 mm. These values for the 16-h orbit are 3.6 mm and
4.2 mm.
4.2. Single event eﬀects
The evaluation of Single Event Eﬀects is an important
part of the overall assessment of the space environment.
It cannot be directly derived from the analysis of the total
dose (ECSS-E-ST-10-04A, 2008; Edmunds et al., 2000).
The ﬁrst step includes the estimation of the LET. This
parameter characterizes the energy absorbed by a material
during the passage of the single energetic particle normal-
ized by the thickness of the material (shielding). The
AE9/AP9 set of models for trapped radiation, the ESP
model of solar protons and the CREME96 model for
Fig. 11. SEU rates for the “long-term” model and the 5 min “worst case”
scenario for several shield thicknesses. SPENVIS device # 93L422.
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mation of the LET spectra.
An example of the integral LET spectra for shielding of
3 mm, i.e. the minimum shielding required to keep annual
TID at 10 krad level for orbits with period > 10 h, is
presented in Fig. 10a for all orbital periods. It is evident
that for orbital periods longer than 15 h the spectra are
nearly identical. This happens because for the LET <
500MeVcm2/g the ﬂuence is caused by the trapped protons
(Adams,1983), which are practically not present for orbits
with period > 15 h, as shown in Fig. 8b. Thus, for orbits
with period longer that 15 h the LET spectrum is deﬁned
by the GCR and solar protons which provide similar con-
tribution for all orbits (see also Figs. 5 and 6 and Fig. 8c).
The statistical evaluation (long-term model) of the LET
spectra even at the 95% level does not provide the complete
estimate of the short-term bursts of extreme solar energetic
proton events. This type of solar activity is often more
hazardous than most severe climatological environmental
conditions (Adams and Gelmand, 1984). To assess this
eﬀect, the so-called 5 min “worst-case” solar ﬂare scenario
(CREME96, the worst 5-min case) was employed. Results
for the shielding of 3 mm and several selected orbits are
shown in Fig. 10b. It is evident that these ﬂuxes are much
higher than the 95% ones for a long-term model (Fig. 10a)
and that the natural geomagnetic shielding reduces the
ﬂuxes only for the 6-h orbit, while all other orbits are
aﬀected signiﬁcantly and in a very similar way.
The computed LET spectra were then used to estimate
the SEU rates for the one of devices in the list available
on SPENVIS (#93L422, also used in Tylka et al., 1997)
with the shielding values taken from the results of the
TID analysis. The choices were: 2.2 mm (the minimum
shielding to keep required TID = 10 krad per year for
14-h orbit), 2.54 mm (100mils, i.e. the “standard” shielding
used in many space technology applications), 3 mm (same
as for presented LET spectra) and 4 mm (i.e. shielding
required to keep annual TID = 5 krad for orbits with peri-
ods > 10 h and TID < 2 krad for a 14-h orbit).
Results for a long-term model and for the worst-case
5-min scenario are presented in Fig. 11. Similarly to
LET, orbits with periods > 15 h are all characterized by
nearly identical long-term SEU rate with a slight minimum
for the 16-h orbit. The application of 3-mm shielding is
required for the 14-h orbit while  4-mm shielding is
required for the 12-h orbit to reduce the SEU rate to the
“background” level of orbits with periods > 15 h shielded
by 2.2 mm. The SEU rates for the worst case 5-min sce-
nario are 1.5 orders of magnitude higher than long-term
results for any shielding at any orbit. It requires a shielding
of 22 mm to reduce their values to the levels similar to
long-term SEU rates. This means that an additional shield-
ing may need to be applied for certain key components of
the spacecraft and payload to ensure the system survival
during the intensive solar energetic particle events. The
analysis of the Single Event Eﬀects leads to the conclusion
that all orbits with the period T P 14 h may serve as a suit-able candidates for the HEO satellite system. With addi-
tional shielding of 1–2 mm, the 12-h HEO orbit could
reach this level of long-term SEU rate thus also becoming
a candidate orbit.5. Analysis of several speciﬁc orbits
This section provides an additional analysis of selected
orbits from the view point of orbit geometry and related
radiation environment. We focus on 12-h, 14-h, 15-h and
16-h orbits and also mention the 24-h orbit. The ground
tracks for the entire repeat cycle are presented in Fig. 12
for the ﬁrst group. The ground tracks for all other remain-
ing orbits analyzed above, including the 24-h orbit, are dis-
played in Fig. 13 for completeness.
The ground track for the classic 12-h Molniya orbit has
two apogees separated by 180 (Fig. 12a). Trishchenko and
Garand (2011) showed that the HEO conﬁguration with
two satellites in one orbital plane and, therefore, with four
apogees separated by 90, has an advantages over the con-
ﬁguration with two orbital planes. A conﬁguration with
four apogees ensures more uniform sampling of the polar
region and better viewing conditions over landmasses that
can be observed in the nadir direction from four
equidistant apogee points. A two-satellite system in a
12-h Molniya orbit provides 100% coverage over the
58-90 region, i.e. one or both satellites observe any point
within this region at any time with Viewing Zenith Angle
(VZA)<70. The critical inclination minimizes orbital
maintenance and ensures stable location of apogees. These
features of the Molniya orbit were known for a long time,
which is why it was intensively used in the past when
continuous views of the Northern regions were required.
The main drawback of this HEO orbit is the high level of
exposure to the trapped proton radiation, especially with
high energies, as seen from Fig. 4 and Fig. 9b,d. This
requires greater shielding thicknesses in order to keep the
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Fig. 9. The LET spectrum also reﬂects the presence of
the trapped protons (Fig. 10b). The SEU rates are
also higher than for other orbits with longer periods
(Fig. 11).
The 24-h, i.e. Tundra orbit, is another example of the
HEO system widely used for communication purposes.
The Sirius radio satellite system operates in a Tundra orbit
at critical inclination. Like Molniya, this orbit has not been
used for systematic meteorological observations. Because
of the relatively small eccentricity, the orbit at critical
inclination cannot provide the full continuous coverage
of 60-90 latitudes region with two satellites. The inclina-
tion should be increased to 90 for a modiﬁed 24-h Tundra
orbit to achieve this requirement. The main advantage of
this orbit is the smallest ﬂuxes of the trapped protons,
TID and required shielding thickness. There are, however,
several important drawbacks. The orbit altitude is the high-
est among all HEO orbits. This requires additional power
for communications, creates the largest signal delay and
reduces the spatial resolution of the meteorological pay-
load. The orbit inclination 90 leads to the precession of
apogee and requires frequent (or even continuous) orbital
maintenance. This increases the satellite mass (propellant
amount) and complicates the image navigation and regis-Fig. 12. Ground track for (a) 12-h, (b) 14-h, (c) 15-h and (d) 16-h two-satell
satellite in the constellation. The duration of repeat cycle is shown in parenthtration. The ground tracks are isolated in each hemisphere
(Fig. 13o) and, therefore, ground reception is required in
both hemispheres to ensure data acquisition when the satel-
lite is located at low latitudes.
The 16-h Three APogee (TAP) orbit was introduced by
Trishchenko et al. (2011) to address the risk of high-energy
proton radiation. The ground track of the TAP orbit is dis-
played in Fig. 12d. Two satellites placed in one orbit with a
phase angle diﬀerence 180 follow the same ground track
which has three apogees separated by 120. The TAP orbit
passes through the low-energy part of trapped proton pop-
ulation (Fig. 4), as such the total dose is mostly composed
of electrons (Fig. 8a,b). The thickness of shielding required
to keep the dose at 10 krad level is higher than for the 12-h
orbit (due to higher electron ﬂuxes), but increasing the
shielding in order to cut TID down to 5 krad or smaller
values (Fig. 9e-h) also makes this orbit more beneﬁcial than
the 12-h orbit. This occurs due to the high eﬃciency of
shielding for cutting the signiﬁcant portion of electrons
and low energy protons (Fig. 9), while its eﬃciency reduces
for high-energy protons. The 16-h orbit also has a signiﬁ-
cant advantage from the orbit conﬁguration point of view
with a complete symmetry and repeatability of ground
track over the 48-h period with a two-satellite conﬁgura-
tion in one orbital plane.ite HEO systems. The solid and dashed lines depict the ground for each
eses.
Fig. 13. Similar to Fig. 12 but for all remaining HEO orbits under consideration.
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out of this study. The ground track for the 14-h system is
shown in Fig 12b. It has 12 apogees and repeats over a
7-day period. With regard to the space environment, this
orbit passes through the area with less energetic protonpopulation than the 12-h orbit, but higher than the 16-h
orbit. The electron component of the trapped radiation is
signiﬁcantly less than for the 16-h orbit. The total dose
requirements can be satisﬁed with smaller aluminum
shielding thickness. The 14-h orbit corresponds to the local
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protons and electrons. The LET spectra (Fig. 10 a) indicate
a signiﬁcant decrease in the impact of the trapped protons.
The SEU rates can be reduced to the lowest rates deter-
mined for our range of orbits by using 1 mm of additional
shielding. The orbit can be at the critical inclination. All
this makes the 14-h orbit a very good choice for continuous
monitoring of the polar regions.
The ground track conﬁguration for two 14-h HEO sat-
ellites in one orbital plane and synchronized as explained
above has 24 (12 + 12) standing points (apogees) separated
by 15 in longitude. One can make the ground track iden-
tical for both satellites in the HEO constellation, if the
orbital planes have the RAAN angle shifted by 15, 45,
75 etc. For the sake of symmetrical coverage it makes
sense to select a conﬁguration with the diﬀerence in RAAN
equal to 15, so that the two consecutive apogees will occur
at the longitudes separated by 90.
The complete 100% coverage over the region of 60 -90
can be achieved for the 14-h orbits with eccentricity 0.65.
The orbit with eccentricity 0.71, i.e. the value we used for
our evaluation of the Total Ionizing Doze, can provide
100% coverage starting from about the 58 parallel. The
smaller value of eccentricity leads to higher perigee altitude.
The perigee height above the Earth’s surface increases from
about 2,200 km for eccentricity 0.71 to nearly 4,000 km for
eccentricity 0.65. This translates into a corresponding reduc-
tion in the apogee height above the Earth’s surface from
about 44,000 km to 42,200 km. The increase in perigee
height and decrease in apogee height are considered as posi-
tive factors leading to improved spatial resolution, better
power budgets, easier orbit maintenance and improved in-
orbit safety due to reduced probability of collision.
Another attractive choice for the HEO Arctic system is
the 15-h HEO orbit. It has nearly the same TID and shield-
ing thickness as for the 14-h orbit. The LET (Fig. 10) and
SEU rates (Fig. 11) are even better than those for the 14-h
orbit. This orbit can be also at the critical inclination. The
perigee altitude is quite high (5000 km) which is also con-
sidered as a positive factor. The ground track of the 15-h
orbit is displayed in Fig. 12c. It has 8 standing points (apo-
gees) for each satellite and repeats over 5-day period, i.e.
shorter than 7-day repeat period of 14-h orbit. The apogees
are separated by 45 in longitude. A two-satellite conﬁgura-
tion in one orbital plane has 16 apogees (22.5 steps in lon-
gitude). By altering the RAAN, two satellites can be placed
in diﬀerent orbital planes and synchronized to follow the
same ground track, if necessary.
Fig. 13 displays ground tracks for all remaining HEO
orbits assuming a two-satellite conﬁguration in one orbital
plane with 180 diﬀerence in mean anomaly orbital ele-
ment, i.e. phase angle.
6. Conclusions
It has been recognized by the international community
that the future satellite component of the Global ObservingSystem (GOS) should include satellites in the Highly Ellip-
tical Orbit to achieve continuous coverage of the polar
region lying outside of the GEO coverage (WMO, 2013;
Garand et al., 2014). The GEO + HEO constellation can
provide observation of weather at any point and any
moment of time around the globe which cannot be
achieved through the combination of GEO and LEO satel-
lites (Trishchenko and Garand, 2012a). Our previous anal-
yses led to better understanding of the capacity of the HEO
system to fulﬁll this requirement. It was concluded that the
classical 12-h Molniya HEO system can provide continu-
ous coverage of the regions poleward of 60. However, this
orbit exposes spacecraft to potentially very dangerous lev-
els of ionizing radiation originated from the trapped pro-
tons. Trishchenko et al. (2011) proposed the 16-h TAP
orbit that reduced the proton dose and achieved the same
coverage as the 12-h Molniya orbit.
Although signiﬁcantly improved understanding was
achieved for the baseline requirements of HEO observing
capacity and features of several speciﬁc HEO orbits,
namely 12-h Molniya, 16-h TAP and 24-h modiﬁed Tun-
dra, no detailed systematic assessment of ionizing radiation
environment had been conducted for the continuum of
HEO orbits. The current study addresses that gap and pro-
vides the common ground for comparison of the HEO
orbits suitable for continuous monitoring of the Arctic.
In addition, the study also uncovered an interesting new
orbit conﬁguration: the 14-h and 15-h HEO orbits charac-
terized by a local minimum of the Total Ionizing Doze.
These orbits pass through a transition region between the
radiation belt of trapped protons and outer belt of trapped
electrons, which explains their unique feature of the local
radiation minimum.
The 14-h orbit can be launched at the critical inclination
and with high value of eccentricity 0.65 to 0.71, which
ensures excellent sampling of the polar regions. The ground
track for this orbit is more complicated than for previously
described orbits. However, this factor is not perceived as
drawback because satellite tracking within the full range
of antenna azimuth and elevation angles is required for
any type of the HEO system in any case. A feature of this
HEO conﬁguration is the repeatability of the ground track
within a 7-day period with 12 apogees for each satellite in
the constellation (the apogees could be collocated). This
provides plenty of opportunity for near nadir observation
of landmass over high and moderate latitudes. The 15-h
HEO orbit oﬀers nearly identical radiation dose, shielding
requirements, even better SEU rates than the 14-h orbit. It
can be also launched at critical inclination, and has ground
track repeat cycle equal to 5 days.
As the general result of the current study, it can be con-
cluded, that the space environment in orbits with periods
less than 13 h is dominated by trapped protons and orbits
with period longer than 14 h are dominated by the trapped
electron environment. In the view of the highly dynamic
changes in the ﬂux of relativistic electrons in outer radia-
tion belt, additional analysis with the use of available
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mended for the orbital periods longer than 14 h.
Because of the high inclinations and signiﬁcant altitude
over the polar zone, the geomagnetic shielding is less eﬃ-
cient for most HEO orbits except orbits with the smallest
period (6–7 h), and solar energetic particles would impact
them similarly. The altitude and orbit inclination are
becoming the limiting factors for orbits with a period
longer than 16 h and shorter than 10 h.
The Total Ionizing Dose has well-pronounced local min-
imum for the 14-h orbit, which is nearly identical to the
overall minimum observed for the longest period. The
thickness of aluminum shielding which is required to main-
tain the annual TID of 10 krad, 5 krad and 3.33 krad in
slab geometry for the 14-h orbit is equal to 2.1 mm,
2.7 mm and 3.1 mm correspondingly. The 16-h orbit
requires additional 0.5 mm of shielding to achieve the same
results, while the 24-h orbit requires less shielding by 0.2 to
0.3 mm. The vulnerability to the SEE has been compared
for all orbits by modeling the Linear Energy Transfer for
long-term conditions and for the “worst case” 5-min solar
ﬂare scenario. The analysis showed no preference among
orbits with periods longer than 15-h with regard to SEE.
In order to keep the 14-h orbit at the same level, the shield-
ing should be increased by approximately 1 mm. To keep
the SEU rate produced by the “worst case” 5-min solar
ﬂare event at the same order of magnitude as for the “sta-
tistical” long-term case, the thickness of aluminum should
be as high as 22 mm, i.e. it may need to be applied locally
for key sensitive components to ensure survivability of the
system. Comparison between the AE8/AP8 and AE9/AP9
models was also conducted for all selected orbits. Results
demonstrated that the diﬀerences were not uniform ranging
from -70% to + 170% depending on orbit geometry. In
general, it was found that the AE8/AP8 set of models over-
estimates shielding requirements for longer periods (elec-
tron environment) and underestimates it for shorter
periods (proton environment).
From a space environment point of view, our analysis
concludes that all HEO orbits with period equal or longer
than 14 h can be regarded as equally suitable candidates for
operational missions. The orbit selection should be based
on other criteria, for example, the spatial resolution of
the imagery, the uniformity of spatial coverage required
for meteorological imaging, resources required for orbit
maintenance and conﬁguration of the ground infrastruc-
ture for data reception. From this viewpoint, imaging from
14-h, 15-h and 16-h orbits has certain advantages relative
to orbits with longer or shorter periods.Acknowledgements
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